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Table S1: Human studies used for the convergent analysis. 
 
Article DNA RNA Protein / 

hormone 
Phenotype (music-related) 

Candidate /GW Candidate 
/GW 

Type 

Granot et al. 2007 Candidate - - Musical ability (tests) 
Theusch et al. 2009 GW - - Absolute pitch 
Park et al. 2012 GW - - Singing pitch accuracy 
Morley et al 2012 Candidate - - Choir participation 
Gregersen et al. 2013 GW - - Absolute pitch and synesthesia 
Fukui and Toyoshima 2013 Candidate - - Music listening and emotions 
Oikkonen et al. 2015 GW - - Musical aptitude (tests) 
Ukkola et al. 2009 Candidate - - Musical aptitude (tests) 
Liu et al. 2016 GW - - Musical aptitude (tests) 
Emanuele et al. 2009 - Candidate - Musicians 
Qu et al. 2013 - GW - Music listening 
Kanduri, Kuusi et al. 2015 - GW - Playing music 
Kanduri, Raijas et al. 2016 - GW - Listening music 
Hassler et al. 1992 - - Levels Music composition, musical ability 
Bartlett et al. 1993 - - Levels Music listening 
VanderArk and Ely 1993 - - Levels Music listening 
Möckel et al. 1995 - - Levels Music listening 
McCraty et al. 1996 - - Levels Music listening 
Gerra et al. 1998 - - Levels Music listening 
Fukui and Yamashita 2003 - - Levels Music listening 
Khalfa et al. 2003 - - Levels Music listening 
Stefano et al. 2004 - - Levels Music listening 
Kreutz et al. 2004 - - Levels Choir singing and song listening 
Nilsson 2009 - - Levels Music listening 
Lai and Li 2011 - - Levels Music listening 
Salimpoor et al. 2011 - - Brain release Music listening 
Thoma et al. 2013 - - Levels Music listening 
Granot et al. 2013 - - Administration Musical ability (tests) 
Gingras et al. 2014 - - Levels Music listening 
Schwilling et al. 2015 - - Levels Music listening 
Fancourt et al. 2015 - - Levels Singing 
Keeler et al. 2015 - - Levels Vocal improvisation 
Fancourt and Williamon 2016 - - Levels Attending concert 
Gervain et al. 2013 - - Administration AP task and test 
Knight and Rickard 2001 - - Levels Music listening 
 
 
 
 
 
 
 
 
 
  



Table S2: Songbird studies used for the convergent analysis 
 
Article Songbird Phenotype Core molecule data 
Leblois et al. 2012 Zebra finch Singing: undirected and 

directed 
Dopamine D1 antagonist 

Jarvis et al. 1998 Zebra finch Singing: directed or undirected RNA: EGR1 expression 
Jansen et al. 2005 Zebra finch Singing and song length Mel1B antagonist and melatonin 
Rauceo et al. 2008 Zebra finch Singing: directed Dopamine receptor antagonists 

Olson et al. 2015 Zebra finch Sensitivity period RNA: candidate gene expression 
Mello et al. 1992 Canary and zebra 

finch 
Song listening RNA: EGR1 expression 

Velho et al. 2008 Zebra finch Song listening RNA: Syn2 and Syn3 expression 
London and 
Clayton 2008 

Zebra finch Song learning; Sensitivity 
period 

Inhibition of MEK 

Gunaratne et al. 
2011 

Zebra finch Song listening RNA: miRNA sequencing 

Teramitsu and 
White 2006 

Zebra finch Singing: undirected and 
directed 

RNA: FOXP2 and EGR1 expression 

Teramitsu et al. 
2010 

Zebra finch Sensorimotor learning RNA: FOXP2 expression 

Haesler et al. 2004 Songbirds versus 
non-songbirds 

Vocal learning and vocal 
plasticity 

RNA: FOXP2 and FOXP1 expression 

Haesler et al. 2007 Zebra finch Vocal imitation Inhibition of FOXP2 
Miller et al. 2008 Zebra finch Singing: undirected and 

directed 
Protein: FOXP2 expression 

Dong and Clayton 
2008 

Zebra finch Listening conspecific song MEK inhibition and EGR1 expression 

Basham et al. 
1996 

Zebra finch Sing learning Antagonist for NMDA 

Wada et al. 2006 Zebra finch Singing: undirected and 
directed 

RNA: microarray expression 

Matsunaga et al. 
2011 

Three different 
songbirds 

Music learning during sensitive 
period 

RNA: NR3C2 expression 

Hartog et al. 2009 Canary Singing Manipulations and EGR1 expression 
Mori and Wada 
2015 

Zebra finch Vocal plasticity RNA: GW expression and testosterone 

Yoder et al. 2015 Zebra finch Vocal memory Estradiol administration 
Abe et al. 2015 Zebra finch Song learning and audio 

memory 
Transgenic 

Hilliard et al. 2012 Zebra finch Singing: undirected Microarray RNA expression, candidate 
protein expression 

Warren et al. 2010 Zebra finch Singing behaviour RNA: microarray gene expression 
Avey et al. 2008 Black-capped 

chickadee 
Singing and listening birdsong EGR1 protein expression 

Whitney et al. 
2014 

Zebra finch Singing for 0.5-7 hrs vs silence.  RNA: microarray expression 

Bailey and Wade 
2003 

Zebra finch Auditory stimulation; sensitivity 
period 

FOS and EGR1 protein expression 

Eda-Fujiwara et 
al. 2003 

Budgerigar Song listening: complexity EGR1 protein expression 

Pinaud et al. 2008 Zebra finch Listening conspecific song Proteomics 
Poopatanapong et 
al. 2006 

Zebra finch Singing: undirected and 
directed 

RNA: expression of EGR1, Syt I, IV 

Shi et al. 2013 Zebra finch Undirected singing; song 
development 

RNA: candidate miRNA expression 

Heston and White 
2015 

Zebra finch Undirected singing; song 
imitation 

FOXP2 overexpression 



Sasaki et al. 2006 Zebra finch Singing: undirected and 
directed 

Dopamine reuptake inhibitor 

Bolhuis et al. 2000 Zebra finch Song memory FOS and EGR1 protein expression 
Drnevich et al. 
2012 

6 species Song playback RNA microarray expression 

Lombardino et al. 
2005 

Zebra finches Directed singing RNA: microarray expression 

Nastiuk et al. 1994 Zebra finch and 
canary 

Song playback RNA: EGR1 and c-jun expression 

Miller et al. 2015 Zebra finch Undirected and directed 
singing; vocal variability 

Dopamine inhibition and candidate 
protein expression 

Thompson et al. 
2013 

Zebra finch Singing: directed or undirected RNA: FOXP2 expression 

Tremere et al. 
2009 

Zebra finch Song listening Manipulations and candidate gene 
expressions 

Huesmann and 
Clayton 2006 

Zebra finch Song listening Inhibition and candidate protein and 
EGR1 RNA expression 

DeVries et al. 
2015 

Starling Singing: directed RNA: DRD1 and DRD2 expression 

Fusani et al. 2003 Canary Singing Hormone levels and candidate gene 
expression 

Gilbert et al. 2013 Zebra finch Song listening Antagonist and protein expression 
Murugan et al. 
2013 

Zebra finch Singing: undirected and 
directed; song learning 

Knockdown and protein expression 

Merullo et al. 
2015 

Starling Directed singing RNA: NT and dNTSR1 expression 

Monbureau et al. 
2015 

Canary Song listening Protein: c-fos expression 

Chen et al. 2013 Bengalese and zebra 
finch 

Singing: undirected RNA: FOXP2 and FOXP1 expression 

LeBlanc et al. 
2007 

White-throated 
sparrows 

Song listening Hormone and protein expression 

Lynch et al. 2012 Zebra finch Song listening TH and EGR1 protein expression 
Kimpo et al. 1997 Zebra finch Singing FOS protein expression 
Velho et al. 2005 Zebra finch Song listening; Singing: 

undirected and directed 
MEK inhibition and candidate gene 
RNA expression 

Singh et al. 2000 Zebra finch Song learning; Sensitivity 
period 

Testosterone manipulation and NR1, 
NR2B gene expression 

Velho et al. 2012 Zebra finch Song listening Antagonist, candidate gene and protein 
expression 

Riters et al. 2014 European Starling Singing: undirected RNA: candidate gene expression 

 
 
 
 
 
 
 
 
 
  



Table S3: Other animals’ studies used for the convergent analysis 
 
Article Animal Phenotype Study type 
Arnauld et al. 1996 Mouse Auditory stimulation with 

musical sounds 
RNA: c-fos expression 

Sutoo et al. 2004 Rat Music exposure Dopamine brain expression 
Shu et al. 2005 Mouse Ultrasonic vocalization Knockout of FOXP2 
Chikahisa et al. 2006 Mouse Music exposure: perinatal 

period and postnatal 
Candidate gene protein expression 

Angelucci et al. 2007 Mouse Music exposure Candidate gene protein expression 
Xu et al. 2009 Rat Music listening NR2B protein expression 
Mangiamele et al. 2008 Tungara 

frogs 
Listening conspecific call RNA: EGR1 expression 

Meng et al. 2009 Mouse Music exposure RNA: microarray expression 
Kurz et al. 2010 Mouse Ultrasonic vocalization Knockout and microarray RNA expression 
Kurz et al. 2011 Mouse Ultrasonic vocalization Knockout and microarray RNA expression 
Ringel et al. 2013 Rat Ultrasonic vocalization 

towards female 
Dopamine receptor antagonists 

Sia et al. 2013 Mouse Vocalization SRPX2 inhibition and protein expression 
Sanyal et al. 2013 Chicken Music exposure Hormone levels and protein expression 
Chaudhury et al. 2009 Chicken Music exposure Protein expression 
Yang 2012 Mouse Music preference, critical 

period 
Valproate injection, NgR knockout and c-fos 
expression 

 
  



Table S4: Functional enrichment of the top 40 candidate genes, in the order of significance.  
Diseases or 
functions 
annotation 

p-value Molecules / top 40 molecules # / top 40 
molecules 

Cognition 1.69E-16 ARC, AVPR1A, BDNF, estradiol, dopamine, DOPEY2, DRD1, EGR1, FOS, 
GRIN2B, cortisol, MAPK10, noradrenalin, NR4A2, NTRK2, POMC, SNCA 

16 

Memory 2.00E-14 ARC, AVPR1A, BDNF, estradiol, dopamine, DRD1, EGR1, GRIN2B, cortisol, 
noradrenalin, NTRK2, POMC, SNCA 

14 

Learning 2.54E-14 ARC, AVPR1A, BDNF, estradiol, dopamine, DRD1, EGR1, FOS, GRIN2B, 
cortisol, noradrenalin, NR4A2, NTRK2, POMC, SNCA 

12 

Excitation of neurons 5.40E-12 BDNF, dopamine, DRD1, FOS, noradrenalin, NTRK2, RBFOX1, SNCA 8 
quantity of 
catecholamine 

3.12E-11 BDNF, estradiol, dopamine, cortisol, MAPK10, noradrenalin, NR4A2, POMC, 
SNCA 

9 

apoptosis of brain 6.16E-11 BDNF, estradiol, dopamine, DUSP1, EGR1, FOS, GRIN2B, MAPK10, NTRK2 9 
epilepsy 7.91E-11 ARC, BDNF, DUSP1, DUSP5, EGR1, FOS, GRIN2B, MAPK10, NR4A3, 

NTRK2, RBFOX1 
10 

behavior 1.24E-10 ARC, AVPR1A, BDNF, estradiol, dopamine, DRD1, DUSP1, EGR1, FOS, 
GRIN2B, cortisol, noradrenalin, NR4A2, NR4A3, NTRK2, POMC, SNCA 

8 

transcription 1.63E-10 ARID1B, BDNF, estradiol, dopamine, DRD1, DUSP1, DUSP5, EGR1, FOS, 
FOSL2, FOXP2, cortisol, MAPK10, noradrenalin, NR4A2, NR4A3, NTRK2, 
PHIP, PKIA, POMC, SNCA, TET2 

12 

transcription of RNA 1.90E-10 ARID1B, BDNF, estradiol, dopamine, DRD1, DUSP1, DUSP5, EGR1, FOS, 
FOSL2, FOXP2, cortisol, MAPK10, noradrenalin, NR4A2, NR4A3, PHIP, 
PKIA, POMC, SNCA, TET2 

21 

quantity of cells 2.07E-10 AVPR1A, BDNF, estradiol, dopamine, DRD1, DUSP1, EGR1, FOS, FOSL2, 
GRIN2B, HLA-A, cortisol, IRS2, MAPK10, noradrenalin, NR4A2, NR4A3, 
NTRK2, POMC, SNCA, TET2 

22 

apoptosis of striatal 
neurons 

2.41E-10 BDNF, dopamine, DUSP1, GRIN2B, NTRK2 21 

apoptosis of neurons 2.49E-10 BDNF, estradiol, dopamine, DUSP1, EGR1, FOS, GRIN2B, MAPK10, NR4A2, 
NR4A3, NTRK2, SNCA 

7 

long-term 
potentiation of brain 

3.29E-10 BDNF, estradiol, dopamine, DRD1, EGR1, GRIN2B, NTRK2, SNCA 10 

long-term 
potentiation 

3.63E-10 ARC, BDNF, estradiol, dopamine, DRD1, EGR1, GRIN2B, noradrenalin, 
NTRK2, SNCA 

10 

diabetes mellitus 4.17E-10 BDNF, estradiol, DRD1, DUSP1, EGR1, FOS, GRIN2B, HLA-A, cortisol, 
IRS2, MAPK10, noradrenalin, NR4A2, NR4A3, NTRK2, RBFOX1, SNCA 

11 

synthesis of D-
glucose 

5.42E-10 AVPR1A, cortisol, IRS2, noradrenalin, NR4A2, NR4A3, POMC 8 

expression of RNA 6.86E-10 ARID1B, BDNF, estradiol, dopamine, DRD1, DUSP1, DUSP5, EGR1, FOS, 
FOSL2, FOXP2, cortisol, MAPK10, noradrenalin, NR4A2, NR4A3, NTRK2, 
PHIP, PKIA, POMC, SNCA, TET2 

16 

cell death of brain 
cells 

9.01E-10 BDNF, estradiol, dopamine, DUSP1, EGR1, FOS, GRIN2B, MAPK10, NTRK2, 
SNCA 

22 

glucose metabolism 
disorder 

9.58E-10 BDNF, estradiol, DRD1, DUSP1, EGR1, FOS, GRIN2B, HLA-A, cortisol, 
IRS2, MAPK10, noradrenalin, NR4A2, NR4A3, NTRK2, POMC, RBFOX1, 
SNCA 

10 

epileptic seizure 1.02E-09 ARC, BDNF, DUSP1, DUSP5, EGR1, FOS, MAPK10, NR4A3 7 
feeding 1.07E-09 BDNF, estradiol, dopamine, DRD1, DUSP1, GRIN2B, noradrenalin, NR4A2, 

NTRK2, POMC 
14 

seizures 1.09E-09 ARC, BDNF, DUSP1, DUSP5, EGR1, FOS, GRIN2B, MAPK10, NR4A3, 
NTRK2, RBFOX1 

13 

synthesis of lipid 2.31E-09 AVPR1A, BDNF, estradiol, dopamine, EGR1, FOS, cortisol, MAPK10, 
MTMR2, noradrenalin, NR4A2, NR4A3, POMC, SNCA 

6 

metabolism of 
carbohydrate 

2.41E-09 AVPR1A, BDNF, estradiol, DRD1, HLA-A, cortisol, IRS2, MTMR2, 
noradrenalin, NR4A2, NR4A3, POMC, SNCA 

5 

concentration of 
dopamine 

2.57E-09 BDNF, estradiol, dopamine, MAPK10, NR4A2, POMC, SNCA 7 

secretion of steroid 
hormone 

2.86E-09 AVPR1A, BDNF, dopamine, EGR1, noradrenalin, POMC 10 

stimulation of cells 3.14E-09 BDNF, estradiol, dopamine, DRD1, FOS, IgA, noradrenalin, NTRK2, POMC, 
RBFOX1, SNCA 

9 

quantity of 
dopaminergic 

3.24E-09 estradiol, DRD1, NR4A2, NTRK2, SNCA 5 



neurons 
motor function 3.70E-09 BDNF, estradiol, HLA-A, NR4A2, POMC, SNCA, SYT4 9 
secretion of L-
glutamic acid 

3.78E-09 AVPR1A, BDNF, GRIN2B, NTRK2, SNCA 7 

synthesis of DNA 3.90E-09 BDNF, estradiol, dopamine, DUSP1, FOS, cortisol, IRS2, noradrenalin, NR4A3, 
PHIP, POMC 

11 

degeneration of 
neurons 

4.22E-09 BDNF, estradiol, dopamine, GRIN2B, MTMR2, NR4A2, NR4A3, NTRK2, 
SNCA 

8 

transport of molecule 4.46E-09 AVPR1A, BDNF, estradiol, dopamine, DOPEY2, DRD1, EGR1, GRIN2B, 
HLA-A, cortisol, IgA, IRS2, LASP1, noradrenalin, NR4A3, NTRK2, PHIP, 
POMC, SNCA, SYT4 

9 

release of amino 
acids 

4.74E-09 BDNF, estradiol, dopamine, DRD1, NR4A2, POMC, SNCA 11 

emotional behavior 4.81E-09 ARC, AVPR1A, BDNF, DRD1, GRIN2B, noradrenalin, NR4A2, NTRK2, 
POMC 

11 

release of 
neurotransmitter 

5.73E-09 BDNF, estradiol, dopamine, cortisol, noradrenalin, NTRK2, SNCA, SYT4 12 

long-term 
potentiation of 
cerebral cortex 

5.75E-09 BDNF, estradiol, dopamine, DRD1, EGR1, NTRK2, SNCA 19 

synthesis of 
carbohydrate 

5.86E-09 AVPR1A, estradiol, HLA-A, cortisol, IRS2, MTMR2, noradrenalin, NR4A2, 
NR4A3, POMC, SNCA 

7 

place aversion 7.67E-09 ARC, DRD1, noradrenalin, POMC 12 
secretion of molecule 7.73E-09 AVPR1A, BDNF, estradiol, dopamine, EGR1, GRIN2B, cortisol, noradrenalin, 

NTRK2, POMC, SNCA, SYT4 
13 

neuronal cell death 9.27E-09 BDNF, estradiol, dopamine, DUSP1, EGR1, FOS, GRIN2B, MAPK10, 
noradrenalin, NR4A2, NR4A3, NTRK2, SNCA 

7 

depressive disorder 9.42E-09 AVPR1A, BDNF, estradiol, dopamine, DRD1, GRIN2B, cortisol, noradrenalin, 
POMC 

18 

release of 
catecholamine 

9.50E-09 BDNF, estradiol, dopamine, cortisol, noradrenalin, NTRK2, SNCA 8 

organization of 
cytoplasm 

9.87E-09 ARC, ARHGAP24, BDNF, estradiol, DOPEY2, DRD1, EGR1, FOS, GRIN2B, 
cortisol, LASP1, MAPK10, noradrenalin, NTRK2, PHIP, POMC, SNCA, 
SNX10 

6 

obesity 1.11E-08 AVPR1A, BDNF, estradiol, DUSP1, GRIN2B, IgA, IRS2, NR4A2, NR4A3, 
NTRK2, POMC, SYT4 

8 

secretion of steroid 1.13E-08 AVPR1A, BDNF, estradiol, dopamine, EGR1, noradrenalin, POMC 11 
cell movement 1.14E-08 ARHGAP24, BDNF, estradiol, dopamine, DRD1, DUSP1, DUSP5, EGR1, FOS, 

FOSL2, HLA-A, cortisol, IgA, IRS2, LASP1, MAPK10, noradrenalin, NR4A2, 
NTRK2, POMC, SNCA, TET2 

12 

cell viability of 
cerebral cortex cells 

1.42E-08 BDNF, estradiol, dopamine, EGR1, NTRK2, SNCA 14 

coordination 1.47E-08 BDNF, dopamine, DRD1, GRIN2B, HLA-A, MAPK10, NR4A2, SYT4 17 
necrosis of epithelial 
tissue 

1.70E-08 BDNF, estradiol, dopamine, EGR1, FOS, GRIN2B, cortisol, noradrenalin, 
NR4A3, NTRK2, POMC, SNCA 

8 

quantity of steroid 1.73E-08 AVPR1A, BDNF, estradiol, DUSP1, EGR1, cortisol, IRS2, noradrenalin, 
NTRK2, POMC, SNCA 

20 

conditioning 1.75E-08 ARC, BDNF, dopamine, DRD1, GRIN2B, noradrenalin, POMC, SYT4 15 
generation of cells 1.78E-08 ARHGAP24, AVPR1A, BDNF, estradiol, dopamine, DRD1, EGR1, FOS, 

FOSL2, FOXP2, HLA-A, cortisol, IRS2, MTMR2, NR4A2, NTRK2, POMC, 
SNCA, SNX10, TET2 

6 

organization of 
cytoskeleton 

1.83E-08 ARC, ARHGAP24, BDNF, estradiol, DRD1, EGR1, FOS, GRIN2B, cortisol, 
LASP1, MAPK10, noradrenalin, NTRK2, PHIP, POMC, SNCA, SNX10 

13 

tauopathy 2.03E-08 ARC, BDNF, estradiol, dopamine, DRD1, GRIN2B, cortisol, MAPK10, 
noradrenalin, NR4A2, NTRK2, SNCA 

7 

neuromuscular 
disease 

2.27E-08 BDNF, estradiol, dopamine, DRD1, DUSP5, EGR1, FOS, GRIN2B, cortisol, 
NR4A2, NTRK2, PKIA, RBFOX1, SNCA 

10 

cytotoxicity of cells 2.39E-08 estradiol, dopamine, FOS, GRIN2B, HLA-A, noradrenalin, POMC, SNCA 10 
cell death of 
hippocampal neurons 

2.75E-08 BDNF, estradiol, GRIN2B, MAPK10, NTRK2, SNCA 12 

quantity of neurons 3.19E-08 BDNF, estradiol, DRD1, DUSP1, GRIN2B, MAPK10, NR4A2, NTRK2, 
POMC, SNCA 

4 

neurotransmission 3.30E-08 ARC, BDNF, estradiol, dopamine, DRD1, GRIN2B, HLA-A, noradrenalin, 15 



NTRK2, SNCA 

Movement Disorders 3.40E-08 BDNF, dopamine, DRD1, DUSP5, EGR1, FOS, GRIN2B, cortisol, MTMR2, 
noradrenalin, NR4A2, NTRK2, PKIA, RBFOX1, SNCA 

11 

apoptosis of brain 
cells 

3.78E-08 BDNF, estradiol, dopamine, EGR1, FOS, MAPK10, NTRK2 4 

disorder of basal 
ganglia 

4.02E-08 BDNF, dopamine, DRD1, DUSP5, EGR1, FOS, GRIN2B, cortisol, NR4A2, 
NTRK2, PKIA, RBFOX1, SNCA 

5 

release of L-glutamic 
acid 

4.04E-08 BDNF, estradiol, dopamine, DRD1, NR4A2, SNCA 9 

Mood Disorders 4.35E-08 AVPR1A, BDNF, estradiol, dopamine, DRD1, GRIN2B, cortisol, noradrenalin, 
NTRK2, POMC 

11 

activation of cerebral 
cortex cells 

4.55E-08 BDNF, estradiol, dopamine, noradrenalin 6 

neurological signs 4.66E-08 BDNF, dopamine, DRD1, DUSP5, EGR1, FOS, GRIN2B, cortisol, NTRK2, 
PKIA, RBFOX1, SNCA 

16 

progressive motor 
neuropathy 

4.67E-08 BDNF, estradiol, dopamine, DRD1, EGR1, GRIN2B, cortisol, NR4A2, NTRK2, 
RBFOX1, SNCA 

5 

apoptosis of granule 
cells 

6.16E-08 BDNF, dopamine, EGR1, FOS, NTRK2 6 

synaptic transmission 6.69E-08 ARC, BDNF, estradiol, dopamine, DRD1, GRIN2B, HLA-A, noradrenalin, 
SNCA 

11 

binding of DNA 6.90E-08 estradiol, dopamine, EGR1, FOS, FOSL2, FOXP2, cortisol, noradrenalin, 
NR4A2, POMC, SNCA 

11 

activation of neurons 7.04E-08 BDNF, estradiol, dopamine, FOS, noradrenalin, SNCA 6 
hyperphagia 7.04E-08 BDNF, DRD1, GRIN2B, IRS2, NTRK2, POMC 6 
quantity of metal 7.45E-08 AVPR1A, BDNF, estradiol, dopamine, DRD1, FOS, GRIN2B,  

HLA-A, cortisol, noradrenalin, POMC 
11 

locomotion 8.04E-08 BDNF, estradiol, dopamine, DRD1, DUSP1, MAPK10, NR4A2, NTRK2, 
SNCA 

9 

spatial memory 8.92E-08 AVPR1A, BDNF, estradiol, dopamine, noradrenalin, POMC 6 
neurodegeneration of 
cerebral cortex 

9.26E-08 BDNF, estradiol, GRIN2B, NTRK2, SNCA 5 

Huntington's Disease 9.33E-08 BDNF, dopamine, DRD1, DUSP5, EGR1, FOS, GRIN2B, cortisol, NTRK2, 
PKIA, RBFOX1 

11 

 
 
 
 
 
  



Table S5: Functional enrichment of the top 29 musical ability-related molecules. Note that the 
significance of these best-enriched functions is notably weaker than in the other functional 
enrichment results with similar number of molecules (Table S6 and S7). The musical ability-related 
genes may for example have diverse functions or their function is unknown. The functions with less 
than three members should be considered with caution. 

Diseases or functions 
annotation 

p-value Molecules # 
molecules 

cell death of granule cells 1.1E-06 CASP6, EGR1, FOS, GRID2 4 

development of head 2.0E-06 ATOH1, BMPR1B, CASP6, EGF, EGR1, FOS, FOXP2, SEC24B, 
UNC5C 

9 

development of bone marrow 
cells 

7.8E-06 AVPR1A, EGF, EGR1, FOS 4 

development of cochlear 
nucleus 

8.5E-06 ATOH1, SEC24B 2 

apoptosis of neurons 1.0E-05 ATOH1, BMPR1B, CASP6, EGR1, FOS, GRID2 6 
neuronal cell death 1.4E-05 ATOH1, BMPR1B, CASP6, EGF, EGR1, FOS, GRID2 7 
cell death of brain 1.8E-05 CASP6, EGF, EGR1, FOS, GRID2 5 
contact growth inhibition 2.3E-05 BMPR1B, CASP6, EGF, EGR1 4 
baroreceptor reflex 2.4E-05 AVPR1A, FOS 2 
formation of brain cells 3.1E-05 ATOH1, FOXP2, UNC5C 3 
invasion of fibroblast cell lines 3.7E-05 EGF, GRID2, UNC5C 3 
differentiation of cerebellar 
granule cell 

3.8E-05 ATOH1, GRID2 2 

colony formation of 
carcinoma cell lines 

3.8E-05 EGF, EGR1, UNC5C 3 

synthesis of GABA 4.7E-05 EGF, EGR1 2 
development of neurons 5.2E-05 ATOH1, CASP6, EGF, EGR1, FOS, GRID2, UNC5C 7 
development of sensory organ 5.4E-05 ATOH1, BMPR1B, CASP6, EGF, EGR1, FOS 6 
proliferation of chondrocytes 6.4E-05 BMPR1B, EGF, FOS 3 
development of neutrophils 6.6E-05 EGR1, FOS 2 
differentiation of tumor cells 8.7E-05 EGF, EGR1, FOS 3 
synthesis of dinoprost 8.9E-05 EGF, HPGDS 2 
contact growth inhibition of 
tumor cell lines 

9.2E-05 BMPR1B, EGF, EGR1 3 

abnormal morphology of head 9.9E-05 ATOH1, BMPR1B, CASP6, EGF, EGR1, FOS, GRID2 7 
dissociation of cells 1.0E-04 EGF, GRID2 2 
development of connective 
tissue 

1.1E-04 AVPR1A, BMPR1B, EGF, EGR1, FOS 5 

development of central 
nervous system 

1.1E-04 ATOH1, EGF, EGR1, FOXP2, SEC24B, UNC5C 6 

learning 1.4E-04 AVPR1A, BMPR1B, EGR1, FOS, GRID2 5 
invasion of embryonic cell 
lines 

1.4E-04 EGF, FOS 2 

transformation of fibroblast 
cell lines 

1.8E-04 EGF, EGR1, FOS, GRID2 4 

formation of eye 1.8E-04 BMPR1B, CASP6, EGF, EGR1, FOS 5 
secretion of steroid 1.9E-04 AVPR1A, EGF, EGR1 3 

  

  



Table S6: Functional enrichment of the top 18 music listening-related molecules. 
Diseases or Functions 
Annotation 

p-Value Molecules # 
Molecules 

learning 2.6E-12 ARC, BDNF, beta-estradiol, CREB1, dopamine, EGR1, FOS, hydrocortisone, 
norepinephrine, NR4A2 

10 

synthesis of lipid 3.9E-11 AKR1C3, BDNF, beta-estradiol, CREB1, dopamine, EGR1, FOS, 
hydrocortisone, norepinephrine, NR4A2, NR4A3 

11 

proliferation of muscle 
cells 

5.1E-11 BDNF, beta-estradiol, CREB1, EGR1, FOS, norepinephrine, NR4A2, NR4A3, 
TNFRSF10B 

9 

short-term memory 7.4E-11 BDNF, beta-estradiol, CREB1, dopamine, hydrocortisone 5 
memory 8.5E-11 ARC, BDNF, beta-estradiol, CREB1, dopamine, EGR1, hydrocortisone, 

norepinephrine 
8 

synthesis of steroid 1.0E-10 AKR1C3, BDNF, beta-estradiol, CREB1, dopamine, hydrocortisone, NR4A2, 
NR4A3 

8 

proliferation of smooth 
muscle cells 

1.5E-10 beta-estradiol, CREB1, EGR1, FOS, norepinephrine, NR4A2, NR4A3, 
TNFRSF10B 

8 

cellular homeostasis 5.1E-10 BDNF, beta-estradiol, CREB1, dopamine, EGR1, FOS, GABARAPL2, HLA-
A, hydrocortisone, Iga, MYADM, norepinephrine, NR4A2, TNFRSF10B 

14 

behavior 1.0E-09 ARC, BDNF, beta-estradiol, CREB1, dopamine, EGR1, FOS, hydrocortisone, 
norepinephrine, NR4A2, NR4A3 

11 

activation of blood cells 1.1E-09 BDNF, beta-estradiol, dopamine, FOS, GP9, HLA-A, Iga, norepinephrine, 
NR4A2, NR4A3, TNFRSF10B 

11 

activation of cerebral 
cortex cells 

1.3E-09 BDNF, beta-estradiol, dopamine, norepinephrine 4 

long-term memory 1.8E-09 ARC, BDNF, CREB1, dopamine, EGR1 5 
growth of tumor 2.4E-09 AKR1C3, BDNF, beta-estradiol, CREB1, dopamine, EGR1, FOS, 

norepinephrine, NR4A2, TNFRSF10B 
10 

necrosis of epithelial tissue 3.7E-09 BDNF, beta-estradiol, dopamine, EGR1, FOS, hydrocortisone, norepinephrine, 
NR4A3, TNFRSF10B 

9 

quantity of catecholamine 3.9E-09 BDNF, beta-estradiol, dopamine, hydrocortisone, norepinephrine, NR4A2 6 
long-term potentiation 3.9E-09 ARC, BDNF, beta-estradiol, CREB1, dopamine, EGR1, norepinephrine 7 
synthesis of DNA 4.9E-09 BDNF, beta-estradiol, CREB1, dopamine, FOS, hydrocortisone, 

norepinephrine, NR4A3 
8 

apoptosis of neurons 5.0E-09 BDNF, beta-estradiol, CREB1, dopamine, EGR1, FOS, NR4A2, NR4A3 8 
maturation of cells 6.4E-09 BDNF, beta-estradiol, CREB1, EGR1, FOS, hydrocortisone, Iga, 

norepinephrine, NR4A2 
9 

activation of leukocytes 1.4E-08 BDNF, beta-estradiol, dopamine, FOS, HLA-A, Iga, norepinephrine, NR4A2, 
NR4A3, TNFRSF10B 

10 

neuronal cell death 1.5E-08 BDNF, beta-estradiol, CREB1, dopamine, EGR1, FOS, norepinephrine, 
NR4A2, NR4A3 

9 

transactivation of RNA 2.6E-08 BDNF, beta-estradiol, CREB1, EGR1, FOS, hydrocortisone, NR4A2, NR4A3 8 
activation of neurons 2.8E-08 BDNF, beta-estradiol, dopamine, FOS, norepinephrine 5 
inhibition of pyramidal 
neurons 

3.0E-08 BDNF, dopamine, norepinephrine 3 

metabolism of hormone 3.2E-08 AKR1C3, beta-estradiol, CREB1, dopamine, hydrocortisone, norepinephrine 6 
spatial memory 3.4E-08 BDNF, beta-estradiol, CREB1, dopamine, norepinephrine 5 
binding of DNA 4.4E-08 beta-estradiol, CREB1, dopamine, EGR1, FOS, hydrocortisone, 

norepinephrine, NR4A2 
8 

diabetes mellitus 4.7E-08 AKR1C3, BDNF, beta-estradiol, EGR1, FOS, HLA-A, hydrocortisone, 
norepinephrine, NR4A2, NR4A3 

10 

motor function 4.8E-08 BDNF, beta-estradiol, CREB1, HLA-A, NR4A2 5 
development of 
lymphocytes 

6.1E-08 BDNF, beta-estradiol, CREB1, dopamine, EGR1, FOS, HLA-A, NR4A2 8 

  



Table S7: Functional enrichment of the top 29 music practice-related molecules. The functions 
with less than three members should be considered with caution.  

Diseases or functions 
annotation 

p-value Molecules # molecules 

epileptic seizure 7.7E-11 ARC, BDNF, DNAJB5, DUSP1, DUSP5, EGR1, FOS, 
MAPK10 

8 

transformation of fibroblast 
cell lines 

4.2E-09 EGF, EGR1, EIF4E, FBXO7, FOS, MAPK10, MXI1, 
ODC1 

8 

expression of RNA 2.8E-08 BDNF, BLOC1S2, DNAJB5, dopamine, DRD1, DUSP1, 
DUSP5, EGF, EGR1, EIF4E, FOS, FOXP2, MAPK10, 
MGEA5, MXI1, ODC1, SNCA 

17 

cell death of brain 4.1E-08 BDNF, dopamine, DUSP1, EGF, EGR1, FOS, MAPK10, 
SNCA 

8 

cognition 8.3E-08 ARC, BDNF, dopamine, DOPEY2, DRD1, EGR1, FOS, 
MAPK10, SNCA 

9 

excitation of neurons 1.6E-07 BDNF, dopamine, DRD1, FOS, SNCA 5 
transcription of RNA 1.6E-07 BDNF, BLOC1S2, DNAJB5, dopamine, DRD1, DUSP1, 

DUSP5, EGF, EGR1, FOS, FOXP2, MAPK10, MGEA5, 
MXI1, SNCA 

15 

differentiation of tumor cell 
lines 

2.0E-07 BDNF, DUSP1, EGF, EGR1, FOS, ODC1, SNCA, 
UBE2D3 

8 

apoptosis of brain 2.1E-07 BDNF, dopamine, DUSP1, EGR1, FOS, MAPK10 6 
apoptosis of dopaminergic 
neurons 

2.3E-07 dopamine, MAPK10, SNCA 3 

cell death of dopaminergic 
neurons 

4.2E-07 BDNF, dopamine, MAPK10, SNCA 4 

cell death of brain cells 5.1E-07 BDNF, dopamine, DUSP1, EGR1, FOS, MAPK10, 
SNCA 

7 

concentration of dopamine 6.6E-07 BDNF, dopamine, EGF, MAPK10, SNCA 5 
uptake of neurotransmitter 8.4E-07 BDNF, EGF, FOS, SNCA 4 
apoptosis of granule cells 1.0E-06 BDNF, dopamine, EGR1, FOS 4 
long-term potentiation of 
cerebral cortex 

1.2E-06 BDNF, dopamine, DRD1, EGR1, SNCA 5 

cell death of striatal neurons 1.2E-06 BDNF, dopamine, DUSP1, EGF 4 
apoptosis of tumor cell lines 1.6E-06 BDNF, dopamine, DUSP1, EGF, EGR1, EIF4E, FOS, 

MAPK10, MGEA5, MXI1, ODC1, SNCA 
12 

activation of striatal neurons 1.6E-06 BDNF, dopamine 2 
synaptic transmission of 
cerebral cortex cells 

1.6E-06 BDNF, dopamine, DRD1, SNCA 4 

locomotion 1.7E-06 BDNF, dopamine, DRD1, DUSP1, EGF, MAPK10, 
SNCA 

7 

fear 1.7E-06 ARC, BDNF, DRD1, EIF4E 4 
invasion of embryonic cell 
lines 

1.9E-06 EGF, FOS, ODC1 3 

long-term memory 2.2E-06 ARC, BDNF, dopamine, EGR1 4 
localization of lysosome 2.2E-06 BLOC1S2, EGF, SNCA 3 
apoptosis of striatal neurons 2.5E-06 BDNF, dopamine, DUSP1 3 
cell death of tumor cell lines 2.8E-06 BDNF, dopamine, DUSP1, EGF, EGR1, EIF4E, FOS, 

MAPK10, MGEA5, MXI1, ODC1, SNCA, WAPL 
13 

cell viability of neurons 3.0E-06 BDNF, dopamine, EGF, EGR1, MAPK10, SNCA 6 
abnormality of striatum 3.0E-06 BDNF, dopamine, DRD1, SNCA 4 
development of striatum 4.4E-06 BDNF, DRD1, FOXP2 3 

  



Table S8: Localization information of the top genes 
Gene 
symbol Main function Main cellular 

location 
Localization of music-related information 

EGR1 Transcription factor Nucleus Multiple regions of the brain: songbirds e.g. NCM, 
area X, LMAN, RA; Pallium in frogs. Differences 
between producing and listening 

Cortisol Hormone Extracellular space Blood, saliva 
FOS Transcription factor Nucleus, cytosol, 

endoplastic 
reticulum 

Multiple regions of the brain: songbirds e.g. NCM, 
HVC, RA. Differences between producing and 
listening 

FOXP2 Transcription factor Nucleus  
ARC Synaptic plasticity, cell 

morphology and 
cytoskeletal organization 

Plasma membrane Multiple regions of the brain: songbirds e.g. NCM, 
CMM, HVC, RA. Differences between producing 
and listening 

Dopamine Neurotransmitter, 
hormone, chemical 
messenger 

Extracellular space Dorsal and ventral striatum in humans; 
Neostriatum in rats; Area X in zebra finch 

BDNF Neurotrophin receptor Extracellular space Chicken hippocampus; Mouse hypothalamus and 
auditory cortex; Canary HVC; Zebra finch HVC, 
LMAN, RA, area X 

Noradrenalin Hormone, 
neurotransmitter 

Extracellular space Human and chicken blood 

GRIN2B NMDA receptor Plasma membrane Rat auditory cortex; Zebra finch multiple regions 
including LMAN and area X 

SYT4 Ca(2+)-dependent 
trafficking, dendrite 
formation 

Plasma membrane Zebra finch multiple regions including AL, 
LMAN, HVC, RA 

PHIP Insulin growth factor 
signaling, cell 
morphology and 
cytoskeletal organization 

Extracellular space, 
nucleus 

Zebra finch multiple regions including NCM, AL, 
area X 

MAPK10 Neuronal proliferation, 
differentiation, migration 
and programmed cell 
death 

 Zebra finch area X, NCM, HVC 

DRD1 Dopamine receptor Plasma membrane, 
cytosol 

Starling POM; Zebra finch area X 

SNCA Neuronal responsiveness, 
dopamine regulation 

Ubiquitous NA 

NR4A3 Transcription factor, 
nuclear hormone receptor 

Nucleus Zebra finch multiple regions including area X, AL, 
NCM 

IRS2 Insulin receptor substrate Cytosol, nucleus, 
plasma membrane 

 

ARHGAP24 Rho GTPase-activator Cytoskeleton, 
cytosol 

Human blood; Zebra finch RA 

MTMR2 Phosphatase Extracellular space, 
cytosol, nucleus 

Zebra finch area X, AL, LMAN 

NR4A2 Transcription factor, 
nuclear hormone receptor 

Nucleus Zebra finch area X, AL; Mouse forebrain cortex 

DUSP1 Phosphatase Nucleus, cytosol Zebra finch multiple regions including area X, 
NCM, LMAN 

DUSP5 Phosphatase Nucleus Zebra finch multiple regions including area X, AL, 
NCM 

PKIA cAMP dependent protein 
kinase inhibitor 

Nucleus Zebra finch area X, AL 

PNISR Splicing factor Nucleus, cytosol Zebra finch multiple regions including area X, 
NCM, AL 

Estradiol Hormone Extracellular space Human saliva; Sparrows and zebra finch NCM; 



Canary HVC 
TET2 Dioxygenase, DNA 

demethylation 
Nucleus Zebra finch: area X, AL 

UBE2D3 Ubiquitin-conjugating 
enzyme 

Extracellular space, 
nucleus, cytosol 

Zebra finch area X 

FAM13A GTPase activator Cytosol Zebra finch area X 
NUDT9 ADP-ribose 

pyrophosphatase 
Extracellular space, 
mitochondrion 

Zebra finch area X, HVC 

DOPEY2 May be involved in 
protein traffic 

Golgi apparatus, 
extracellular space 

Zebra finch area X, LMAN 

NTRK2 Neurotrophin receptor 
kinase 

Plasma membrane, 
cytosol, endosome 

Mouse auditory cortex; Zebra finch area X, AL 

 
 
 
  



 
Figure S1. Evidence for the top 20 genes from different subphenotypes. The genes showing 
evidence in the subphenotypes are shown within the circles, or when there is only single evidence, 
on the border of the circle. Almost half of the genes show evidence with both practice of music and 
music listening as shown in the intersection. The AVPR1A was among top 3 of the CE analysis of 
the musical ability-related studies, but not among top 20 in the analysis of the complete data. 
 



 
Figure S2. Enrichment analysis of the top 40 genes showed cognition, excitation of neurons 
and long-term potentiation. Genes and molecules associated to these functions are shown by 
nodes connected with arrows to the function. These three functions, that were found to be enriched 
among the top 40 genes and molecules, are associated partially to the same top ranked genes and 
molecules as shown in this figure. The illustration was generated through the use of IPA. 
 
 



 
Figure S3. CDK5 signaling pathway was enriched among the top 40 prioritized molecules. The 
6 molecules that were among the top 40 molecules are coloured as pink. Additionally, MEK1/2 
(MAP2K1 and MAP2K2) has been suggested to be important for song learning45. Overall, the 
pathway is important in neuronal development and cognition, including learning and memory44. As 
expected from the pathway, MAPK10 has been shown to be downregulated39 and EGR1, dopamine 
and NTRK2 (TRKB in the figure) upregulated in musicS11, S77. Notably, the pathway includes the 
SYN1 gene, which is not found in birdsS99. The illustration was generated through the use of IPA. 
 



 
Figure S4. Behaviour-related interaction network including ten of the top 40 genes. The genes 
are marked as nodes. The grey nodes denote the ones included in the top 40 list. The most enriched 
function among all the genes within this interaction network was behaviour. All of the ten top genes 
within this network were also associated with behaviour. Other enriched functions were nervous 
system development and function, and cell-to-cell signaling and interaction. The analysis and 
illustration was generated through the use of IPA where the network got score of 21. 



 
 
Figure S5. Interaction network including nine of the top 40 genes. The genes are marked as 
nodes. Grey nodes denote the ones included in the top 40 list. The most enriched functions among 
all the genes in this network included post-translational modification, cell cycle and DNA 
replication, recombination and repair. The analysis and illustration was generated through the use of 
IPA where the network got score of 19. 
 
 
 



 
Figure S6. Interaction network including nine of the top 40 genes. The genes are marked as 
nodes and grey nodes denote the ones included in the top 40 list. The top functions associated with 
all the genes within this network included nervous system development, skeletal and muscular 
system development and cell-to-cell signaling. The analysis and illustration was generated through 
the use of IPA where the network got score of 19. 
 



 
 
 
Figure S7. Interaction network including eight of the top 40 genes. The genes are marked as 
nodes and grey nodes denote the ones included in the top 40 list. Functions related to the genes 
within this network included post-translational modification, DNA replication and nucleic acid 
metabolism. The analysis and illustration was generated through the use of IPA where the network 
got score of 16. 
 
 

  



 

 

Figure S8. Calculation of convergent evidence (CE) scores. This illustration shows six evidence 
layers. The green dots represent the detection of a gene, while the dashes indicate the absence of 
evidence or negative result within each evidence layer. Each evidence layer is assigned a custom 
weight depending upon importance. For instance, let us assume that the custom weights of layers 
(1-6) are 1.0,1.0,0.9,0.8,0.6 and 0.5, respectively. Here, genes A and B are detected twice each. 
However, based on a weighted vote counting method, the convergent evidence scores of genes A 
and B would be 1.9 and 1.7 respectively.     
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